Abstract-This paper discusses over-the-air (OTA) testing for multiple-input multiple-output (MIMO) capable terminals with emphasis on channel spatial characteristics emulation. A novel technique to obtain optimum power weights for the OTA probes based on convex optimization is proposed. The proposed technique emulates spatial correlation as well as introduces constraints on the maximum deviation between the target power azimuth spectrum (PAS) and the emulated PAS in terms of mean angle of arrival (AoA) and azimuth spread (AS). Simulation results show that the proposed emulation technique presents better performance compared with existing techniques in the literature. This improvement is further demonstrated by measurement results in a practical MIMO OTA setup.
as we extend single-input single-output (SISO) OTA to MIMO OTA testing.
The concept of clusters has been widely adopted to model the multipath phenomenon based on extensive measurements. A cluster has a specific power azimuth spectrum (PAS) shape. For MIMO OTA testing, it is desirable that with a limited number of probes, we should generate an arbitrary number of clusters, each associated with an arbitrary mean angle of arrival (AoA) and azimuth spread (AS) impinging the test zone. It has been shown that the essence is to find proper power weightings for each probe such that channel spatial characteristics can be recreated [2] [3] [4] [5] . This idea was named the prefaded signal synthesis technique and was detailed in [4] . Several optimization techniques are proposed to obtain optimum probe power weightings. However, most techniques, which are based on numerical optimization, can be very computationally inefficient.
The PAS is of great importance for multiple-antenna techniques with spatial treatment of the incoming signals. The spatial correlation between the waves impinging on two antenna elements depends on the PAS and on the radiation pattern of the antenna elements. Spatial correlation has been selected as the main figure of merit to characterize the channel spatial information, while cluster PAS shape parameters, including AS and mean AoA, are often ignored [2] , [3] , [5] . Channel profiles with the same spatial correlation may present very different PAS shapes when the spatial sampling points for spatial correlation calculation are limited, e.g., on a line [3] , [4] or on a circle [6] . To solve the problem, a new way to select spatial samples for optimization is proposed in this paper. In addition, to obtain an accurate resulting PAS shape in terms of AoA and AS, constraints are introduced for spatial correlation emulation. Note that emulation accuracy in this paper denotes the difference between emulated spatial correlation resulting from the discrete PAS composed by the probe power weights and target spatial correlation resulting from the continuous PAS. To the best of our knowledge, the proposed spatial sample selection method and the spatial correlation emulation with constraints on the resulting discrete PAS have not been achieved in the literature so far. In [3] [4] [5] [6] , spatial correlation was selected as the objective function without constraints on the resulting discrete PAS shape, although the possibility of joint optimizing cluster mean AoA and spatial correlation was briefly mentioned in [3] .
In this paper, we first form the channel emulation problem with constraints on the resulting discrete PAS shape such as AS and mean AoA, when angular locations of OTA probes are fixed. We further illustrate the problem can be expressed as a convex optimization problem [7] , which can be solved efficiently. The main contributions of this work are twofold: 1) the proposed Fig. 1 . Illustration of the MIMO OTA setup. The measurement system consists of a base station (BS) emulator, one or several channel emulators, an anechoic chamber, probes, a DUT, a turntable, cables, and power amplifiers. Test area defines the maximum dimension of the DUT and is an area where target channel characteristics are reproduced with certain accuracy requirement.
emulation problem with constraints on the resulting discrete PAS shape gives a more realistic characterization; and 2) employing convex optimization framework into channel emulation can greatly reduce the computational complexity compared with known results based on numerical optimizations. Furthermore, the relationship between the required number of probes and test area size is derived based on the proposed optimization technique. Also, the impact of channel models on the emulation accuracy has been investigated. In the end, the proposed optimization algorithm is compared with the algorithm implemented in a commercial channel emulator in a practical MIMO OTA setup, and better emulation accuracy is demonstrated by the measurement results.
Notations: and denote the first-order norm and the second-order norm, respectively. Fig. 1 illustrates a general setup for the multiprobe anechoic chamber-based method. Probes are located on a horizontally oriented ring and a device under test (DUT) is placed at the center of the anechoic chamber. To alleviate the complexity and cost of 3D multiprobe setup, the simpler 2D configurations are considered in this work.
II. METHOD

A. Configuration of MIMO OTA Setup and Problem Statement
The idea of a prefaded signal synthesis technique is to radiate independent fading signals from multiple probes on the basis of power weights determined by the emulated channel [2] , [4] , [5] . In order to reconstruct the PAS of each cluster, a single cluster should be mapped to several OTA probes, depending on the PAS shape and OTA probe angular locations. For each cluster, receiver-side spatial characteristics are reconstructed by allocating appropriate average power weights to the associated OTA probes. The focus of this paper is to obtain optimum power weightings to recreate the target channel spatial characteristics.
B. Channel PAS Model
A PAS shape of clusters have been widely studied in the literature. Several PAS models, namely wrapped Gaussian [8] , uniform, truncated Laplacian [9] , and Von Mises distribution [10] have been proposed based on extensive measurements in various scenarios. For the sake of simplicity, we assume each cluster is defined with an interval of centered at AoA . Fig. 2 illustrates several different PAS distributions.
C. Criterion to Model Channel Spatial Characteristics
The spatial correlation has been selected as a main criterion to model spatial characteristics of the channel [2] , [4] , [5] . Spatial correlation is a statistical measure of the similarity of the received signals. The angle notations are illustrated in Fig. 3 . A plane wave with AoA impinges on an array with two antenna elements separated by a distance ; the direction of the array boresight is . is the angle of the plane wave with respect to the boresight of the antenna elements. As detailed in [11] , the spatial correlation can be written as (1) where and are the complex radiation patterns of antenna element 1 and 2, respectively, with a common phase center. is the PAS. In order to be used as an angular power density function, the needs to satisfy . As stated in [4] , the antenna pattern is usually assumed omnidirectional for channel emulation purpose since the DUT antenna pattern is typically unknown. Using this property, we can rewrite (1) as (2) A specific PAS can be formed by introducing a number of plane waves each with an appropriate AoA and power value. Two different methods to discretize the PAS were discussed in the literature. One method allocates the same power to each ray while arranging the plane wave angles in a nonuniform manner. is angular location of the th probe. In the other method, the power of the rays follows the PAS distribution with their angles uniformly distributed. The mean AoA and AS are also used to model the PAS, which are defined according to the definition in [12, Annex A] . Note that circular AS is introduced to solve the ambiguity problem for the AS of the PAS.
As illustrated in Fig. 4 , spatial correlation is a function of the normalized antenna distance and antenna orientation . Each subfigure corresponds to one PAS shown in Fig. 2 . The radius and polar angle of each point on the plots correspond to the value at distance and antenna orientation . The maximum radius of the circle corresponds to the test area size. The correlation globally decreases with increasing distance for all PASs, as expected.
D. Optimal Probe Power Weights
As detailed below, the goal is to obtain the optimum OTA probe power weights so as to 1) minimize the deviation between the theoretical spatial correlations resulting from a target PAS and the correlation resulting from a discrete PAS characterized by power weights of the probes;
2) constrain the maximum deviation between the target PAS and a discrete PAS characterized by power weights of the probes in terms of AS and mean AoA. Several contributions in literature have addressed this issue. In [5] , several exhaustive search techniques are used to obtain optimum angular location and power weight for each of the probes. In [2] , the angular location of probe is considered as a factor to be optimized in order to build the optimum test system. However, such flexible setup might not be practical in an actual setup. It is desirable that the probes are fixed on the OTA ring where frequent probe location adjustment may pose a huge challenge on system calibration. Given this practical issue, OTA setups with flexible probe locations are not considered in this paper.
1) Emulated Spatial Correlation:
The probe angular locations are depicted in Fig. 3 .
is the vector containing the fixed angular locations of the probes with and is the number of OTA probes. is the vector containing the power allocated for probes. A location pair is used to represent the locations of two spatial samples with distance and orientation , and there are in total location pairs. The spatial correlation for an antenna pair with antenna separation and array orientation can be calculated based on the discrete PAS characterized by probes as (3) where with .
2) Practical Constraints: An important contribution of this paper is to introduce constraints on the PAS shape for the optimization. Two completely different PASs may result in similar spatial correlations if limited spatial samples are selected for the spatial correlation calculation. Thus, we need to consider the PAS shape as constraints for optimization. It is desirable that the mean AoA and AS resulting from a discrete PAS should be close to those from the target PAS. In addition, from a realistic point of view, probes with smaller angular distance to the PAS cluster mean AoA should be allocated with more power, which can be mathematically expressed as for . One more constraint with the practical system is that probe weights are limited, as the output gain of typical channel emulators is limited to 0 dB.
3) Objective Function: Let us denote and to be the emulated spatial correlation and target spatial correlation vectors with each element corresponding to the spatial correlation between two isotropic antennas at a certain location pair. The objective function is evaluated over location pairs, and, hence, and are vectors:
if (4) where the mean AoA and AS of the resulting discrete PAS is
with if if if and are the error tolerance for the emulated PAS in terms of mean AoA and AS, respectively. and are two known vectors defined in (5) and (6), respectively. can be obtained by solving the objective function, which is a quadratic programming problem with linear constraints when the probe positions are fixed. Therefore, we can easily solve the problem in (4) via a popular convex problem solver CVX in [7] .
E. Selecting Spatial Samples Inside the Test Area 1) State of the Art:
In the following, we first summarize two existing ways to select spatial samples inside the test area in the literature.
1) One option is that we can fix while varying to obtain spatial samples. That is, the spatial samples are selected on a line. linearly steps from 0 to the test area size . In [3] , the objective function used minimize deviations for a fixed orientation. Also, it is mentioned that cluster AoA can be considered for the joint optimization, but it is not specified further.
2) The other option is that we can fix while varying for optimization. That is, spatial samples are selected on a circle. linearly steps from 0 to . In [5] , the optimization was done for a fixed distance.
2) Proposed Spatial Sample Point Selection:
The abovementioned two ways to obtain spatial samples will give optimum results at a certain fixed orientation or a certain fixed separation . However, they might not give optimum emulation results for all orientations and separations within the test area and emulation accuracy might be critically bad at some orientations or separations. As for the new proposal, samples are covering the whole test area. is swept linearly from 0 to the test area size and is swept linearly from 0 to for the optimization.
Note that for limited spatial sample points cases, e.g. spatial samples are selected on a line or on a circle, constraints on discrete resulting PAS shape have to be added for spatial correlation optimization. Otherwise the resulting discrete PAS might be very different from the target PAS. Similarly, if other objective functions, e.g., in [6] is selected, adding the constraint on the resulting PAS shape will also be beneficial to obtain accurate resulting PAS shape. With the proposed technique to select spatial samples, the resulting discrete PAS will be close to the target continuous PAS shape and the constraints on the PAS shape are not critical. Usually the constraints on resulting PAS shape will be automatically satisfied. An accurate and correlation error for SCME UMA TDL model. Test area size:
.
resulting PAS shape can be obtained by adding the constraints in the optimization, with a slight degradation for spatial correlation optimization if the constraints on resulting discrete PAS are necessary. Below in the simulation the error tolerance and are selected to be to obtain accurate AoA and AS of the resulting PAS.
F. Emulation for Multicluster PAS
The radio waves could gather in several clusters distributed over the space domain. In standard channel models, i.e., SCME [9] , clusters are with different delays. Techniques to emulate the multicluster PAS are discussed in [6] . In order to preserve the delay information, each cluster is emulated individually with the probes. The SCME Urban macro (UMA) TDL model (six Laplacian shaped clusters) from [9] has been selected as the target channel model for emulation in this paper. The normalized power weights for each cluster in the SCME UMA TDL model are shown in Fig. 5 (left) , and the target normalized PAS for SCME UMA TDL model (right) is shown in Fig. 5 (right) . Note that the power weights need to be scaled according to the power per cluster as specified in the SCME UMA TDL model. Extensive measurements on the channel emulator uncertainty level have been performed previously, e.g., [13] . Measurement results have shown that the power weight information can be accurately generated in the channel emulator. Spatial correlation for the SCME UMA TDL model are shown in Fig. 6 .
III. SIMULATION RESULTS
The emulation results for different PASs are first shown in this part. After that, several algorithms in the literature are compared with the proposed solution in terms of spatial correlation error. Furthermore, the impact of cluster PAS on the correlation error has been investigated. In the end of this part, the relationship between the required number of probes and test area size is shown for the proposed optimization technique. For the possibility to recreate any spatial channel model without relocation of the probes, the configuration where all the probes are equally spaced on an OTA ring is considered in the simulation. The number of probes is selected to be 8, unless otherwise stated.
A. Spatial Correlation for Different PASs
As we can see in Fig. 7 , correlation error depends on the channel model and generally gets worse as the normalized distance increases. Wrapped Gaussian and truncated Lapacian distributions shown in Fig. 2 present similar correlation error.
The correlation error for SCME UMA TDL model with the proposed algorithm is shown in Fig. 6 . A maximum deviation of 0.03 is achieved over the test area size .
B. Comparison of Correlation Error for Different Algorithms in Literature
In this section, the proposed optimization algorithm is compared with the results published in [6] and the algorithm implemented in a commercial channel emulator from Elektrobit (EB). The SCME UMA TDL model is chosen for illustration and the test area size is selected to . In [5] and [6] , the probe power weights are optimized for a fixed-antenna separation without considering the PAS shape such as AoA and AS. The objective function is to minimize the absolute spatial correlation error . The optimization algorithm used in the EB channel emulator is briefly discussed in [3] . The probe power weights are obtained by optimizing for one or several fixed antenna orientations. The least square error (LSE) technique was used to obtain the power weightings. It is mentioned in [3] that cluster mean AoA could be jointly considered when optimizing the power weightings, but the detailed algorithm is not given. For the sake of simplicity, the algorithm implemented in the EB channel emulator is named here after as the reference method [3] , [4] . Here, we will show the main advantages of our proposed algorithm through simulation results. Fig. 8 . Correlation error for SCME UMA TDL model based on [6] and the reference method. Fig. 9 . Correlation error for the sixth cluster of the SCME UMA TDL model for the three algorithms.
One advantage with the proposed algorithm is that by employing convex optimization framework into channel emulation, computational complexity is reduced dramatically compared to other numerical optimization techniques [5] .
The correlation error for the multicluster SCME UMA TDL model is improved. The proposed algorithm presents maximum deviation of 0.03 over the test area, as shown in Fig. 6 . The correlation error for the SCME UMA TDL model based on power weights from [6] and the reference method are shown in Fig. 8 . Maximum deviation over the test area is 0.07 and 0.06, respectively.
The correlation error for each individual cluster of the SCME UMA TDL model is also improved. The correlation error for the sixth cluster of the SCME UMA TDL model based on [6] is shown in Fig. 9 . At the antenna distance selected for optimization, maximum deviation is 0.01. However, correlation error at other antenna distances can be much worse. Maximum deviation at antenna distance is around 0.12. For the reference method, correlation error at some antenna orientations are worse (i.e., ) than the other orientations. This is expected from the description in [3] . The proposed algorithm gives better correlation results for all antenna orientation and antenna separation within the test area.
The maximum correlation error for each cluster in SCME UMA TDL model based on power weights from the reference method and the proposed algorithm is shown in Table I . The proposed algorithm generally present better correlation error. Another advantage coming from the proposed algorithm is that the error tolerance for the emulated PAS in terms of mean AoA and AS can be predefined in the optimization. Comparison results for the 1st cluster is shown in Table II . As we can see, compared with the algorithm implemented in the channel emulator, better correlation results in terms of mean AoA and AS can be obtained with the proposed optimization algorithm. The emulated PAS matches quite well with the target PAS in terms of AoA and AS.
C. Impact of Channel Model on Correlation Error
It is known that correlation error is dependent on the target channel. As shown in Fig. 7 , a uniform PAS generally gives better correlation error compared to the other PASs. Even for clusters with same PASs distribution but various ASs and AoAs, the correlation error is expected to be different. As shown in Table I , the correlation error for the six clusters with the same Laplacian PAS shape but diverse AoAs is different.
Emulation accuracy for a single Laplacian shaped cluster with different ASs will also be different. One critical scenario is that the convex optimization problem might be unsolvable when AS is too small for an arbitrary AoA since the optimization constraints on and will never be satisfied. As discussed in [4] , prefaded signal synthesis technique does not support for creating the LOS paths between OTA antennas.
D. Required Number of Probes
One important issue that needs to be addressed in anechoic chamber based multiprobe systems is the relationship between number of required probes and test area size. A comparison of the results for the required number of probes as a function of test area size obtained by different methods is given in [14] . It is not practical to have a large number of probe antennas since the output ports of the channel emulator are limited. Furthermore, due to possible additional reflections introduced by the multiple probes, the characteristics of the anechoic chamber can be degraded. Fig. 10 illustrates the test area size as a function of the number of OTA probes for a truncated Laplacian cluster with 35 . Here, the emulation accuracy threshold is defined to determine the size of the test area. For a given emulation accuracy level, as explained in Section III-C, the test area size will depend on the channel models. Simulation results show that if the cluster is arriving to the test area from the direction where one of the OTA antennas are located, the test area performance is better than from other directions. The worst case is the cluster impinging from an angle exactly in the middle of two adjacent OTA probes. The test area size for the best scenario will be larger than that for the worst scenario. One criterion we should follow is that inside the test area, emulation accuracy should be sufficiently good even for the worst channel case. A similar trend can be observed when compared with the results reported in [14] . However, it is difficult to directly compare the results, as the acceptable error levels and methods are different. Note that the probes are assumed uniformly distributed on a circle and the error tolerance is 1 on AoA and AS of the cluster in the simulation.
IV. MEASUREMENT VERIFICATION
In this section, the proposed optimization algorithm is compared with the reference algorithm implemented in the EB channel emulator in a practical MIMO OTA setup. First, the measurement system is briefly presented. After that, the settings and specifications of each of the component in the system are shown. The measurement procedure and results are given in the end.
A. Measurement Setup
The measurement system is illustrated in Fig. 1. Fig. 11 shows the practical measurement system. 16 dual polarized horn antennas are equally spaced and fixed on a metallic OTA ring. The OTA ring is covered by absorbers to avoid reflections during the test. Two EB channel emulators are connected through power amplifiers to feed the probes. The measurement setup is summarized in Table III . Although the presented algorithm presents better accuracy for a test area size of with eight probes, both the proposed technique and the technique implemented in the channel emulator present good emulation accuracy. To better demonstrate the accuracy improvement in the measurement, a test area of is selected. Note that the emulation accuracy threshold for a test area of could be larger than 0.1.
B. Measurement Procedure
Phase and amplitude calibrations are performed for each probe before the measurements. The goal of the calibration is to compensate errors caused by the nonidealities of the measurement setup, i.e., probe placement and orientation error, etc. The target is that equal field response at the center is obtained for all the probes. The measurement procedure is detailed in [16] . As a summary, the channel emulator is stopped every ten CIRs, and the field is measured with the network analyzer and saved for postprocessing. The test antenna is then moved to next antenna position, and the sweep of the same 1000 CIR values is repeated for this new position. This procedure is repeated 15 times until all the test antenna positions are covered for the specified antenna orientation .
The measured spatial correlation between antenna test position and is calculated according to definition: (7) where and are the complex signals received at antenna test position and at the th CIR value, respectively, 
C. Measurement Results
The CIRs measured at each antenna position generally follow a Rayleigh distribution. The measured spatial correlation for antenna orientation , 60 , and 150 are shown in Figs. 13, 14, and 15, respectively. In (1), (2) , and (3), the waves impinging the test area are assumed plane for the spatial correlation calculation. The impact of physical limitation of the OTA ring on errors caused by a difference between the plane and spherical waves is considered negligible in this paper, according to the results in [17] . This is also supported by the fact that the measured spatial correlations generally match very well with the emulation results.
The deviations between emulated and target spatial correlation are due to the limited number of OTA probes we used for a test area size of . The proposed algorithm and the reference algorithm present similar performance at . However, at and , the proposed algorithm shows better emulation accuracy. As found previously, the emulation error increases as the test size gets larger in the proposed algorithm, which is not always the case in the reference algorithm.
V. CONCLUSION
We have introduced an improved algorithm to determine probe power weights for a MIMO OTA setup utilizing the prefaded synthesis method. Spatial correlation is selected as the emulation target and we further introduce constraints on PAS shape in terms of AS and AoA. The problem is expressed as a convex optimization problem, which can be solved efficiently. Simulation results show that with eight OTA probes and a test area size of , the emulation error is 0.03 for the SCME UMA TDL model with the proposed algorithm with error tolerance of 1 degree on AoA and AS of each cluster, compared with emulation error 0.07 and no constraint on PAS shape found in the literature. The proposed algorithm is compared with the algorithm implemented in a commercial channel emulator in a practical MIMO OTA setup; measurement results are consistent with the simulation results and better emulation accuracy of the proposed algorithm is demonstrated in practice.
